Abstract: We applied the hippocampal radial atrophy mapping technique to the baseline and follow-up magnetic resonance image data of 169 amnestic mild cognitive impairment (MCI) participants in the imaging arm of the Alzheimer's Disease Cooperative Study MCI Donepezil/Vitamin E trial. Sixty percent of the subjects with none to mild hippocampal atrophy rated with the visual medial temporal atrophy rating scale (MTA score < 2) and 33.8% of the subjects with moderate to severe (MTA ! 2) hippocampal atrophy converted to Alzheimer's disease (AD) during 3-year follow-up. MTA ! 2 showed a trend for greater left sided hippocampal atrophy versus MTA < 2 groups at baseline (P corrected ¼ 0.08). Higher MTA scores were associated with progressive atrophy of the subiculum and the CA1-3 subregions. The MTA < 2 group demonstrated significant bilateral atrophy progression at follow-up (left P corrected ¼ 0.008; right P corrected ¼ 0.05). Relative to MTA < 2 nonconverters, MTA < 2 converters showed further involvement of the subiculum and CA1 and additional involvement of CA2-3 at follow-up. Right CA1 atrophy was significantly associated with conversion to dementia (for 1 mm greater right CA1 radial distance subjects had 50% reduced hazard for conversion). Greater CA1 and subicular atrophy can be demonstrated early and is predictive of future conversion to AD, whereas CA2-3 involvement becomes more evident as the disease progresses. Hum Brain Mapp 31:786-797,
INTRODUCTION
Mild cognitive impairment (MCI) is an intermediate state between normal aging and dementia. MCI subjects convert to dementia at a rate of $10-15% annually [Petersen et al., 2001 ]. Alzheimer's type pathology is the most common finding in MCI on postmortem examination [Haroutunian et al., 1998; Jicha et al., 2006; Price and Morris, 1999] . MCI frequently represents the first symptomatic stage of Alzheimer's dementia (AD), but those predestined to develop AD in the near future cannot yet be reliably identified on clinical grounds alone, as a sizeable subset of MCI patients harbor another neurodegenerative pathology [Jicha et al., 2006] .
In recent years, research efforts have focused on the discovery and validation of disease-associated clinical, imaging or laboratory features that would reliably predict the presence of AD-type pathology and future conversion to AD. Dubois et al. [2007] recently proposed to reconsider the AD diagnostic construct. The authors proposed to diagnose AD in those elderly subjects who in addition to episodic memory impairment also have a positive ADassociated biomarker such as medial temporal atrophy (MTA), low Abeta (b-amyloid), and/or high-tau protein levels in the cerebrospinal fluid or a positive amyloidimaging scan.
Hippocampal atrophy is commonly seen in subjects with amnestic MCI [Apostolova et al., 2006b; De Leon et al., 1997; Dickerson et al., 2001; Jack et al., 2004; Morra, 2009a,b; Mueller and Dickerson, 2008] . MCI patients with smaller hippocampi are at greater risk for conversion to AD [Apostolova et al., 2006b; Csernansky et al., 2005; Jack et al., 1999 Jack et al., , 2004 . Pathologic studies have consistently documented that hippocampal involvement in AD is nonuniform, with the CA1 involved early and showing the heaviest disease-associated burden throughout the disease. [Braak and Braak, 1991; Rossler et al., 2002; Schonheit et al., 2004; West et al., 2004] . Subfields CA2-4 are involved relatively later and show lesser neurofibrillary pathology across the disease spectrum [Bobinski et al., 1995 Schonheit et al., 2004] . Greater involvement of CA1 and subiculum has been implicated as a predictor of conversion to AD [Apostolova et al., 2006b] .
Recently, DeCarli et al. [2007] applied a well-established visual rating scale for MTA [Scheltens et al., 1995] to the baseline magnetic resonance image (MRI) data of the imaging arm of the 3-year, double blind, placebo-controlled Alzheimer's Disease Cooperative Study (ADCS) evaluating the efficacy of monotherapy with Donepezil or vitamin E for delaying progression of MCI to AD [Petersen et al., 2005] . The goal was to assess the usefulness of the MTA rating scale for predicting conversion to AD. A mean MTA score greater than two was associated with double the risk of progression to AD in amnestic MCI subjects (HR ¼ 2.3, 95% CI ¼ 1. 09-4.92) .
In this study, we extend the findings reported by DeCarli et al. [2007] using a new technique that enables inferences about disease involvement in named hippocampal subfields. We aimed to examine baseline regional hippocampal differences between subjects with no to mild hippocampal involvement (MTA < 2) versus those with more advanced hippocampal atrophy (MTA ! 2) and to visualize and examine the changes in hippocampal morphology associated with worsening in MTA rating. We hypothesized that higher MTA score at baseline would correspond to greater subicular and CA1 involvement. We also hypothesized that MCI subjects who converted to AD (MCIc) in the course of the study would have significantly greater atrophy of the subiculum and CA1 at baseline and involvement of the CA2-3 subfields at follow-up, relative to nonconverters (MCInc). An MTA score of two was chosen based on previous evidence that a score of three or higher is suggestive of AD [Scheltens et al., 1992] .
METHODS

Subjects
Sixty-nine North American sites of the ADCS MCI Donepezil/Vitamin E trial enrolled a total of 769 amnestic MCI subjects all of whom had insidious gradually progressive memory decline, a Logical Memory delayed recall score at least 1.5 standard deviation (SD) below an education-adjusted norm, a Clinical Dementia Rating score of 0.5 and a Mini-Mental State Examination (MMSE) score between 24 and 30. Subjects' consent was obtained according to the Declaration of Helsinki (BMJ 1991; 302:1194) and the Ethical Committees of all participating institutions in which the clinical trial was performed. The demographic characteristics of the full clinical trial sample have been described in detail elsewhere [Petersen et al., 2005] . The primary outcome of the study was defined as conversion to possible or probable AD according to the National Institute of Neurologic and Communicative Disorders and Stroke and the AD and Related Disorders Association (NINCDS-ADRDA) criteria [McKhann et al., 1984] . Twenty-four of the 69 sites opted to participate in the MRI arm of the study. All enrollees at these 24 sites were approached for participation in the MRI substudy and those who were willing to participate and had no contraindications to MRI were included. The final sample of the MRI arm consisted of 194 participants who received in addition to all standard clinical trial procedures a baseline and a 3-year MRI scan. The MCIc group received an additional scan at the time of conversion to AD.
Our goal was to examine the relationship between the independently performed MTA visual rating and hippocampal atrophy measured quantitatively with the radial atrophy method [Thompson et al., 2004] . The pool of eligible subjects consisted of the 190 subject cohort previously included in the MTA rating analyses and reported in DeCarli et al. [2007] . Of these 190 subjects, 169 had a baseline scan of sufficient quality to allow for accurate and reliable hippocampal tracing and constitute the final cohort of subjects used in our baseline analyses. Of these 169 subjects, 154 received MTA score < 2 (none to very mild atrophy) while 15 received MTA score ! 2 (moderate to severe atrophy) as reported in [DeCarli et al., 2007] .
Our longitudinal analyses investigated the magnitude of change occurring among MTA < 2 subjects over a 3-year period and compared atrophy progression among those who converted to AD (MCIc) versus those who did not (MCInc). These analyses included MTA < 2 subjects with traceable hippocampi who provided longitudinal imaging data (N ¼ 111). Forty-eight of 111 subjects converted to possible or probable AD (MCIc) while the remaining 63 did not convert (MCInc). The sample size of MTA ! 2 (N ¼ 15) precluded MCIc versus MCInc comparisons in that group.
The demographic variables for each sample are shown in Table I .
MRI Acquisition, Preprocessing, and Analyses
All MRI data was acquired at 1.5T. Of the 24 sites, 14 used General Electric, 9 Siemens, and 1 Philips scanner. In our analyses, we used the 3D coronal spoiled gradient echo (SPGR) or equivalent T1-weighted scan with minimum full-time echo, minimum repetition time, 124 partitions, 25 flip angle, and 1.6-mm slice thickness. Each subject's T2-weighted scan was inspected for strokes or significant white matter hyperintensities at the main image repository site (Mayo Clinic, Rochester, MN), and only scans devoid of such abnormalities were shared with the University of California Los Angeles research team. The data used were checked for quality and compliance with the imaging protocol as previously described elsewhere .
The ADCS and the UCLA Institutional Review Board reviewed and approved the analyses reported here.
Baseline and follow-up images were each registered separately to the ICBM53 standardized brain template using a nine-parameter linear transformation [Collins et al., 1994] and subjected to intensity normalization [Shattuck et al., 2001] . The hippocampal formations were manually traced by one researcher (AEG) blinded to age, sex, and diagnosis. The tracing protocol has been reported elsewhere [Narr et al., 2001; Pantel et al., 2000] . Any anatomical ambiguity was resolved in consultation with two hippocampal neuroanatomic atlases [Duvernoy, 1988; Mai et al., 2004] . The hippocampal contours were converted to 3D parametric surface mesh models and a medial core for each hippocampus was computed. The distance from each hippocampal surface point to the medial core was derived. Individual 3D distance maps were generated and used for statistical comparisons [Apostolova et al., 2006a,b] .
Baseline comparisons
These analyses included all subjects with traceable hippocampi who had MTA rating available (N ¼ 169).
1. Baseline MTA < 2 versus MTA ! 2 comparison: the two groups compared included those with MTA < 2 (N ¼ 154) versus those with MTA ! 2 (N ¼ 15). This analysis was originally conceived as an extension to the visual hippocampal grading reported by DeCarli et al. [2007] . We used multiple linear regression model with radial distance as the dependent and group diagnosis as the predictor variable while including, as covariates, those demographic variables that showed statistically significant between-group differences and a significant effect on hippocampal 
Longitudinal comparisons
These analyses were limited to those subjects who had minimal hippocampal atrophy (MTA < 2) and provided longitudinal imaging data. 1. MTA < 2 baseline versus follow-up comparison: we first compared the baseline versus follow-up hippocampal data of all subjects with MTA < 2. For the follow-up comparison, we censored the imaging data for the MCIc group at time of conversion (i.e., we used their conversion as opposed to 3-year follow-up scan when available) as our goal was to study disease progression in the MCI stage. As the conversion scan was taken at the time of diagnosis of possible or probable AD, the time between baseline and followup scanning was systematically shorter in converters versus nonconverters. We used a quadratic regression model to investigate for potential effect of time (between-scan interval) on hippocampal atrophy (radial distance in mm). This analysis did not indicate an association between interval time and atrophy. 2. MTA < 2 baseline and follow-up MCIc versus MCInc comparisons: we compared the MCIc versus MCInc groups at baseline and at follow-up. As described earlier, we used the conversion scans of the MCIc group in the follow-up comparison. For this and the MTA < 2 base- 
Cox proportional hazards analysis
We analyzed the association between left and right CA1 atrophy (mean CA1 radial distance in mm) and future conversion to dementia using Cox proportional hazards model while adjusting for age, education, and gender. We also standardized and compared the predictive value of CA1 radial distance and MTA rating for future progression to AD.
All statistical significance maps were corrected for multiple comparisons by applying permutation testing on the suprathreshold area of statistics at a threshold of P < 0.01 for uncorrected and P < 0.05 for age/ApoE4 corrected maps. This approach has been described in detail elsewhere [Thompson et al., 2003 [Thompson et al., , 2004 .
RESULTS
The demographic data is shown in Table I . The MTA ! 2 group was significantly older (P ¼ 0.001) and had lower MMSE score (P ¼ 0.05) relative to the MTA < 2 group at baseline. Over the 3-year follow-up period, 60% of the subjects with MTA ! 2 and 33.8% of the subjects with MTA < 2 converted to possible or probable AD. Within the MTA < 2 group, there were 48 MCIc and 63 MCInc. MCIc with MTA < 2 had larger proportion of ApoE-4 carriers (P < 0.001) and lower MMSE at baseline (P < 0.001) relative to MCInc with MTA < 2. There were no significant education or gender differences in either comparison.
Results from the baseline MTA < 2 versus MTA ! 2 comparison are shown in Figure 1 . We hypothesized that relative to MTA < 2 the MTA ! 2 subjects will have greater atrophy in CA1 and subiculum and possibly CA2/ 3. The 3D statistical maps revealed greater left-sided hippocampal atrophy in MTA ! 2 versus MTA < 2 (left P corrected ¼ 0.08, right P corrected ¼ 0.4, corrected for age). The areas where trend-level significant between-group differences were seen showed 10-30% greater atrophy in MTA ! 2.
The maps of relative atrophy between MTA ¼ 1, MTA ¼ 2, and MTA > 2 versus MTA 0 are shown in Figure 2 . [Duvernoy, 1988] and West and Gunderson [1990] . Middle row-3D statistical maps showing areas where MTA ! 2 subjects show greater atrophy relative to MTA < 2 at baseline (significant areas appear in red and white; blue denotes P¼0.1 or greater). Bottom row-ratio maps showing the quantitative between-group differences (in %).
An animation of the hippocampal morphometric changes with incremental worsening of the MTA score can be viewed as Supporting Information on the journal's website. Figure 2 and the animation show that even when no hippocampal atrophy can be visually appreciated [i.e., MTA ¼ 1, when the only abnormality detectable by the human eye is the mildly dilated choroid fissure, see Korf et al. [2004] ] the hippocampal formation has already undergone structural changes that could be ascertained with an advanced 3D mapping technique such as the radial distance technique. This finding is further supported by supplementary Figure  1 provided as Supporting Information on the journal's website, which documents the presence of significantly greater atrophy in MTA < 1 converters versus MTA < 1 nonconverters. The ratio maps of supplementary Figure 1 document that the majority of these atrophic changes localize to the CA1 and subicular areas.
The correlations between MTA rating and hippocampal radial distance can be seen in Figure 3 (bottom row). Significant correlations between radial distance and MTA scores were seen in all hippocampal subfields bilaterally (middle row). After multiple comparison correction the correlations of MTA with left and right hippocampal radial distance remained significant (left P corrected ¼ 0.0001, right P corrected ¼ 0.0003), see middle row of supplementary Figure 2 provided as Supporting Information on the journal's website.
In the MTA < 2 baseline versus follow-up comparison, we tested the hypothesis that there will be interim increase in hippocampal atrophy affecting CA1 and subiculum. The 3D statistical maps in supplementary Figure 2 revealed (middle row) more significant left-sided interim hippocampal atrophy (left P corrected ¼ 0.008, right P corrected ¼ 0.05). The quantitative maps shown in the bottom row of supplementary Figure 2 provided as Supporting Information on the journal's website revealed that areas showing significant change underwent 5-10% atrophy over the course of the study. Changes over time appeared in the subiculum as well as CA1-3.
With the MTA < 2 baseline and follow-up MCIc versus MCInc comparisons, we tested the hypothesis that MCI subjects predestined to progress to AD (MCIc) will have significantly greater atrophy of the subiculum and CA1 at both time points and new CA2-3 atrophy at follow- Correlation between MTA rating and hippocampal radial distance at baseline. The top row shows a schematic representation of the hippocampal subfields based on Duvernoy [1988] and West and Gunderson [1990] . [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.] Top row-schematic representation of the hippocampal subfields based on Duvernoy [1988] and West and Gunderson [1990] . Middle rows-3D statistical maps of the baseline and follow-up MCIc versus MCInc comparisons. Bottom rows-quantitative between-group difference between MCIc and MCInc at baseline and follow-up (in %).
[Color figure can be viewed in the online issue, which is available at www. interscience.wiley.com.] up relative to MCInc group. The 3D significance maps can be seen in Figure 4 . The hippocampi showed statistically significant between group differences both at baseline (left P corrected ¼ 0.002; right P corrected ¼ 0.006, corrected for ApoE4 status) and at follow-up (left P corrected ¼ 0.002; right P corrected ¼ 0.0003, corrected for ApoE4 status). MCIc showed greater involvement of the subiculum and CA1-3 relative to MCInc at both time points. Statistically significant areas showed 10-20% difference.
Our goal in the MTA < 2 baseline MCInc versus follow-up MCIc comparison was to develop a map sequence that will best show disease progression in MCIc. To accomplish this, we used the MCInc at baseline as a reference group for both the baseline (MCIc at baseline) and the follow-up (MCIc at follow-up) comparison. Thus, the regional increases in hippocampal atrophy from the top row images to the middle row images of Figure 5 represents the absolute disease-associated changes in the MCIc cohort. In addition to progressive involvement of the CA1 and subiculum, the CA2-3 area was progressively involved in the MCIc group. The areas with most pronounced interim atrophy progression showed 3-10% radial distance loss.
Cox Proportional Hazards Analysis
Our Cox proportional hazards models showed that atrophy of the right but not left CA1 area was associated with conversion to dementia. In the unadjusted model, a person with 1 mm greater right CA1 radial distance had 50% reduced hazard for future conversion to dementia (hazard ratio HR ¼ 0.5, 95% CI ¼ 0.28-0.91, P ¼ 0.02) relative to those with 1 mm smaller radial distance. After adjusting for age, education and gender the hazard was similar (HR ¼ 0.53, 95% CI ¼ 0.29-1.0, P ¼ 0.048). In models using standardized CA1 and standardized MTA measures (recoded so that lower scores correspond to atrophy) adjusting for age, gender, and education to predict conversion to AD, a one SD decrease in right CA1 was associated with a 34% increased hazard of conversion (HR ¼ 0.74, 95% CI ¼ 0.56-0.998, P ¼ 0.048) and a one SD decrease in MTA is associated with a 68% increased hazard of conversion (HR ¼ 0.59, 95% CI ¼ 0.46-0.78, P < 0.001). However, in our dataset, CA1 radial distance and MTA rating showed different distributions such that one SD decrease in MTA actually corresponds to a 1.44 SD decrease in CA1. A 1.44 SD decrease in CA1 in turn correspond to a 55% increased hazard of conversion.
DISCUSSION
Several imaging analyses of the ADCS MCI Donepezil/ Vitamin E trial have been previously conducted. Jack et al. [2008] using the region-of-interest technique reported no significant difference in annualized hippocampal atrophy rates between the placebo, donepezil, and vitamin E groups. MCIc had greater annualized atrophy rate relative to MCInc [À6.8% (3. 3) vs. À3.9% (1.4), resp.; P < 0.0001]. Fleisher et al. [2008] analyzed the predictive value of hippocampal volumes for conversion to AD. The authors reported that hippocampal volumes provide the highest predictive accuracy when compared with demographic and clinical variables (age, family history of AD, education, sex, delayed 10-word list recall, New York University delayed Paragraph recall and ADAS-cog total score), ventricular and whole brain volumes. The final best multivariate predictive model (accuracy 78.8; 95% CI ¼ 0.7-0.9), however, did not include any of the imaging variables: it consisted of the three cognitive variables. The authors concluded that more advanced imaging analysis techniques need to be tested to ascertain their potential utility as predictive biomarkers for epidemiological and clinical trial studies. DeCarli et al. [2007] used the imaging arm of the ADCS MCI Donepezil/Vitamin E study to assess the utility of the visual MTA rating scale for predicting conversion to AD and reported that an MTA score ! 2 doubles the risk for future conversion to AD (HR ¼ 2.3, 95% CI ¼ 1.1-4.9; P ¼ 0.03). These MTA ratings were used in the present analyses.
Our work extends the previously reported findings [DeCarli et al., 2007; Fleisher et al., 2008] and improves our understanding of the subfield specific changes occurring in the hippocampus during the MCI state. Our baseline analyses (baseline MTA < 2 vs. MTA ! 2 comparison and the 3D comparison of the hippocampal atrophy associated with different MTA stages: see supplementary Figures 1 and 2 and the animation provided as Supporting Information on the Journal's website) demonstrate that subjects with MTA rating !2 have 10-30% greater hippocampal atrophy in the subiculum and CA1 region. Next, we confirmed that visually rated hippocampal atrophy is associated with regionally pronounced changes. We also found that amnestic MCI subjects with minimal MTA rating where the only visually appreciable abnormality is increased width of the choroid fissure while the temporal horn and the height of the hippocampus is considered within normal limits (i.e., MTA ¼ 1 [see detailed MTA rating description in Korf et al. [2004] ] already show regionally pronounced hippocampal changes that cannot be easily captured by visual rating (see Figure 1 and the animation provided as supplementary material).
As one can predict relative to MTA < 1 nonconverters MTA < 1 converters show atrophic changes in the subiculum and CA1 (supplementary Figure 1) . MTA rating was significantly related to atrophic changes in all hippocampal subfields (Figure 3) .
Although MCIc showed bilaterally progressive atrophy of the hippocampal formations (see Figures 4 and 5) only the right CA1 radial distance showed a significant association with progression to dementia in the Cox proportional hazard regression analysis. The predictive value of the MTA rating scale and CA1 radial distance while controlling for age, gender, and education shows promise for the use of both of these measures in AD imaging analyses and in clinical trials. Detection of subtle hippocampal changes with the radial atrophy technique has also been reported in cognitively normal elderly 3 years prior to diagnosis of MCI and 7 years prior to diagnosis of AD [Apostolova et al., 2008] .
The MTA < 2 baseline versus follow-up comparison conducted irrespective of conversion status (supplementary Figure 2 ) revealed more significant left-sided interim hippocampal atrophy. However, once the cohort was split and compared based on their conversion status, the changes in the right hippocampus showed a statistically greater interim change relative to the left, consistent with our Cox proportional hazard regression results. Whether this finding reflects a fundamental feature of the biology of AD or simply reflects a bias of this particular sample of subjects will need to be ascertained in future studies.
By restricting our longitudinal analyses to the MTA < 2 group, we focused our analyses on the earliest possible hippocampal changes. This allowed us to better detect how hippocampal atrophy evolves with time. We observed a subfield-specific spread that agrees with the one documented in the pathologic literature [Schonheit et al., 2004] . The data from our MTA < 2 MCIc versus MCInc analyses presented in Figures 4 and 5 provides support for our hypothesis of prominent early atrophy in CA1 and subiculum with subsequent greater involvement of the CA2-3 subfields. These findings build upon evidence reported previously by our group and others [Apostolova et al., 2006a [Apostolova et al., ,b, 2008 Csernansky et al., 2000] .
The left-sided lateralization of the disease process in our analyses with more significant left-sided between group differences could result from ascertainment bias. The cognitive testing in this clinical trial was heavily biased toward verbally mediated tasks and thus much more sensitive to left-sided pathology.
Strengths of our study include the selection of a large well-defined prospectively collected and exceptionally well-characterized longitudinal MCI sample and the use of a sensitive state-of-the-art hippocampal analytic technique. Neither the schematic subfield representation used in this manuscript nor any of the other automated/semiautomated or manual approaches reported in the literature that obtain subfield specific information have been validated by a direct imaging/histopathological correlation study and therefore subfield assignments used in these studies are speculative. Another limitation of any clinical trial sample is that subjects enrolled in clinical trials are frequently healthier than the general diseased population, as patients with multiple medical problems are excluded. Likewise, any potential disease heterogeneity may be underrepresented, given the strict inclusion/exclusion criteria. Epidemiological MRI datasets may be better positioned to answer questions about disease course as such datasets aim to enroll a representative sample of the general healthy/diseased population. Nevertheless, studying clinical trial samples has tremendous value. Clinical trials aim to enrol a ''clean'' subject pool with a specific tightly defined clinical presentation, minimal co-morbidities, and carefully mandated allowable medication regimens. Thus, in principle, an imaging biomarker may prove very useful in epidemiological studies but may fail to deliver in clinical trial settings [Fleisher et al., 2008; Fox et al., 2005] . Techniques such as ours may be used to study disease progression and describe disease biomarker behavior in a typical randomized double-blind placebo-controlled study cohort. They can also inform the selection of biomarkers for future experimental therapeutic studies. Limitations of the MTA scale have been published elsewhere [DeCarli et al., 2007] .
